Aims: Olig2 is one of the most critical factors during CNS development, which belongs to b-HLH transcription factor family. Previous reports have shown that Olig2 regulates the remyelination processes in CNS demyelination diseases models. However, the role of Olig2 in contusion spinal cord injury (SCI) and the possible therapeutic effects remain obscure. This study aims to investigate the effects of overexpression Olig2 by lentivirus on adult spinal cord injury rats.
| INTRODUCTION
As one of the most devastating traumatic events, spinal cord injury (SCI) impacts a patient's physical, psychological, and social well-being and poses a heavy financial burden on health care systems.
1 There are two basic common pathological outcomes in various kinds of SCI, axonal rupture, and demyelination. 2, 3 Demyelination, which caused by death or insufficient proliferation of the myelin oligodendrocytes (OLs), has been considered as a therapeutic point for SCI both in bench and the bedside. 3, 4 Several studies have shown that endogenous oligodendrocyte precursor cells (OPCs) exist wildly of the CNS including the spinal cord, but the extent of spontaneous remyelination is limited. 5 Therefore, promoting the maturation of these progenitors to myelin cells is a potential way to cure SCI.
Transcription factors of the basic helix-loop-helix (b-HLH) family
play an important role in the CNS development by controlling differentiation and maturation of oligodendrocytes, motor neurons, and astrocytes. 6, 7 It has been reported previously that Olig2, member of the b-HLH family, regulates the pattern formation and generation of motor neurons and oligodendrocyte lineage cells. 8, 9 Furthermore, studies have demonstrated that Olig2 participant in not only the OLs development stages but also in repair processes such as remyelination for multiple sclerosis (MS) models. 7, [10] [11] [12] Due to the critical function of Olig2, overexpression it in progenitor cells locally could be a possible method to enhance the oligodendrogenesis and finally remyelination in SCI. However, the exact role of Olig2 in CNS injuries remains controversial according to recent studies. 13, 14 A team from Korea point out overexpression Olig2 by retroviral vector-induced tumor formation in the injured spinal cord.
15
On the contrary, overexpression Olig2 in embryonic stem cells (ESCs) and transplantation these cells to rat spinal cord improved functional recovery of irradiation injury with no sigh of tumorigenesis.
10
Genetically derived from HIVs, lentiviruses offered unique advantages as gene-delivery vehicles, such as broad tissue tropisms of in vivo applications and sustained target gene expression after transduction. [16] [17] [18] Not only could lentivirus infect dividing cells like retrovirus does, but also they infect nondividing cells, for example, the late stage progenitors of oligodendrocytes. 18 And, the modified production system makes lentiviruses potentially safer in integration site profile.
18
Studies on other models have shown the lower oncogenic potential of lentiviral vector than retroviral ones. 19, 20 Therefore, we upregulated Olig2 by lentiviral vectors locally injection to investigate the effects of Olig2 on oligodendrogenesis and myelin formation, and finally to determine the locomotor recovery following spinal cord contusion injury.
| METHODS

| Olig2-Lentvirus preparation
The Olig2 cDNA (NM_016967) plasma was a gift from Prof. Richard Lu (Cincinnati, USA). The Olig2 coding sequence was inserted into the pGV208 (Ubi-MCS-EGFP) plasmid (Shanghai Gene Genechem Co., LTD) to produce Lenti-Olig2-EGFP vector (Lenti-Olig2). The lentiviral vector only expressing EGFP (Lenti-EGFP) was generated as a negative control. The lentiviral titer was determined as 2E + 8 TU/mL.
Polybrene (Sigma-Aldrich, St. Louis, MO, USA) of 5 μg/mL was added in the virus solution when injecting. The structure of the vector and the infection property of the lentivirus in 293T cells were shown in 
| Animals and spinal cord injury
Adult Sprague Dawley (SD) female rats, weighing 220~250 g were used in this study. All animal procedures were approved by the
Institutional Animal Care and Ethics Committee of the Third Military
Medical University, and animal care was performed by the guidelines of the committee.
Spinal cord contusion injury model was prepared according to the descriptions of our previous study with little modification. 21, 22 Briefly, rats were anesthetized by intraperitoneal injection of pentobarbital sodium (40 mg/kg; Shanghai Pharmaceutical Factory). The spinal cord was exposed with a laminectomy at the T9~T11 level of the spine without disrupting the dura mater. After rats were fixed on the weightdrop device (a kindly gift from Wise Young, Hong Kong University), the T10 spinal cords were then impacted by a 10 g weight dropped at the height of 15 mm (impacting force: 150 kdyn). Sham group animals only accepted a laminectomy operation without virus injection.
Thirty min after injury, a total of 5 μL virus (Lenti-Olig2 or LentieGFP) solutions were injected at two different locations with 2.5 μL each (1.5 mm caudal and 1.5 mm rostral from lesion epicenter) with a depth of 1.0 mm using a Hamilton syringe. The rate of injection was 1 μL/min, and the pipette was left in place for at least 5 minutes to prevent leakage.
15
Immediately after the operation and for an additional day, rats received Ringer's solution for hydration (5 mL, s.c.) and buprenorphine (0.3 mg/kg) to alleviate pain. Bladders were expressed three times daily until the rats reached spontaneous urination. Antibiotics (Penicillin; 80000 u, i.m.) were given to treat/prevent bladder infection.
| Behavior assessment
The hindlimb function recovery was assessed by open-field test, CatWalk analysis as reported previously. 21, 23 All the tests were performed at the same time of each day and were graded by the blinded observers.
The standardized Basso, Beattie, and Bresnahan (BBB) score was measured by the Open-field test for evaluating the movement, weight support, and coordination function of rats in a diameter plastic wading pool. This was observed by two raters (blinded to treatment) for 5 minutes to assess the performances. The assessment was processed before the operation and at days 1, 3, 7, and every week postinjury.
Locomotor gait dynamics of the animals were quantitatively as- 
| Evoked potential examination
The evoked potential examinations were carried out before and injury and at days 7 and 42 postinjury as previously described. 21, 24 After anesthetized, the periosteum of the posterior skull was exposed followed by a drilling hole (Bregma: 2 mm posterior, 1 mm lateral). The motion evoked potential (MEP) and somatosensory evoked potential (SEP) were tested using electronic instrument (Powerlab/16SP
ADInstruments, Australia). Stimulus parameters were carried out as before. The stimulating electrode was placed on one side of sciatic nerve, the recording electrode on the surface of the other side of cortical somatosensory cortex area, the negative electrode on the lateral scalp, with the reference electrode in the paravertebral muscle when recording SEP. As for MEP, the stimulus electrode and recording electrode were exchanged, and the stimulus cathode (silver disk) was placed below the hard palate.
| Tissue processing, electron microscopy, and immunofluorescent staining
After perfused with PBS and 4% paraformaldehyde, the harvested spinal cord was fixed with 4% paraformaldehyde overnight at 4°C and dehydrated gradually with 0.2 M PB containing sucrose (15%~25%).
Serial tissue sections with thickness of 20 μm were prepared from frozen tissues and stored at −80°C until use.
HE staining was performed for assessment of the tissue sparing as previously described. 22, 24 Axial sections peripheral to the lesion epicenter were collected systematically. Lesion epicenter and sections located equally distance rostral and caudal to epicenter were chosen to represent the whole lesion. Images were obtained by Nikon camera and calculated by blinded observers using Image J program.
| Electron microscopy
Animals in each group were deeply anesthetized and perfused intracardially with ice-cold PBS 7 weeks after injury. This was followed by solution of 4% paraformaldehyde mixed with 2.5% glutaraldehyde in 0.1M PB. The dorsal funiculus of the spinal cords was removed and then postfixed at least 1 day for the next procession as previously reported. 25 Images with a magnification of 5000 were obtained using a transmission electron microscopy (TEM; Hitachi-7500, Hitachi Ltd., Tokyo, Japan). Only representative images were shown in this article.
To measure the G ratio, three images of every animal and in a total of 50 myelinated axons in each group were measured using the MIAS image analysis system by two blinded researchers. 
| Western blot analysis
The spinal cord segments of 5 mm long containing the epicenter were quickly dissected and homogenized for protein extraction.
After centrifuging, protein concentrations of the supernatant were determined using BCA protein assay kit (Beyotime Biotechnology, China 
| Statistical analysis
Differences between experimental groups were evaluated by twotailed unpaired Student's t test or one-way ANOVA followed by a Tukey's post hoc analysis; repeated measures two-way ANOVA was used to compare matched data at multiple time points, and Bonferroni's post hoc analysis was used to compare means at each time point unless otherwise stated. All data are presented as mean±SEM unless specified, and statistical analysis was performed using GraphPad Prism version 6.0 for Mac, GraphPad Software, San Diego California USA. P<.05 was considered to be statistically significant.
| RESULTS
| The expression of Olig2 downregulated after SCI
We first checked the expression level of Olig2 at different time points following spinal cord injury. We found that Olig2 increased shortly after SCI at 1 and 3 days postinjury, both P<.05, compared with normal control ( Figure 1A ,B). However, the expression level decreased back to normal 7 days later.
| The expression of injected lentivirus in injured spinal cord
Microscopy images showed that the successful expression of injected lentivirus in both groups at 7 days after injury, and the eGFP 
| Enhanced cellular proliferation after Olig2 overexpression
We then detected the proliferation ability of infected cells in the spinal cord. Immunofluorescence staining against the proliferation marker Ki67, we compared the percentage of Ki67 positive cells in the total population eGPF cells. And we found out that animals treated with Lenti-Olig2 had a significantly higher proportion of Ki67 cell in compared with animals in the Lenti-eGFP control group, at 68.4±4.0%
and 32.1±1.9% separately, P<.01 ( Figure 3A ,B).
| Promoted oligodendrocyte lineage cells differentiation by overexpression Olig2
We then determined the effects of overexpression Olig2 on oligo- 
| New myelination and enhanced tissue protection after upregulating Olig2 locally
We next examined whether those proliferating oligodendrocyte progenitors can myelinate and rescue the demyelination after contusion injury of the spinal cord. In the Olig2 overexpression group, MBP-positive eGFP cells were observed more frequently than that of the GFP control. Some of the double positive cells exhibited the typical structure of the myelin sheath ( Figure 6A ). Western blot analysis was carried out to confirm furtherly the production of myelinating oligodendrocytes ( Figure 6B ). Relative expression level of MBP was greatly enhanced by Lenti-Olig2 injection compared to eGFP control but did not reach the level in the sham group, both P<.05 ( Figure 6C ).
Furthermore, less myelin debris and unmyelinated axons were observed in the Lenti-Olig2 group (Fig. S3 ).
Previous studies pointed out upregulating Olig2 alone would induce tumor formation in the spinal cord. However, we did not observe any tumor-like structure even 7 weeks later by HE staining. Instead, the overexpression Olig2 reduced the tissue damage, as there was larger lesion area in the eGFP group (Fig. S4) . 
(A) (B) (C) (D) (E)
Ultrastructural results showed that myelin sheaths became disordered, thickened, and even broke down after injury. And in the control group axonal degeneration and myelin sheaths edematous were more frequently observed. In contrast to that, the swelling degree and axonal degenerative degree were milder in the Olig2 group. By analyzing the G ratio of 50 axons in each group, we found that overexpression Olig2 lead to a higher myelin sheath thickness, P<.05 ( Figure 7 ). Taking together, our results suggested that Olig2 was able to not only promote the myelination but also reduce the myelin tissue damage after SCI.
| Recovery of the electrophysiology
To evaluate the axonal conduction in SCI rats, MEP and SEP were 
| Improved hindlimb functional recovery by local injection of the Lenti-Olig2
To assess the functional recovery of the rats after SCI, BBB score, and
CatWalk gait analysis were employed. All animals were completely paralyzed immediately after contusion, and the BBB score in both groups dropped to zero at day 1. However, rats in the Lenti-Olig2 group showed a gradual improvement, which is better than animals in the Lenti-eGFP group, significant differences were found at 21, 28, 35 days postinjury, all P<.05 ( Figure 9A ). Gait analysis confirmed the improve- 
| Changes in the transcription factors following lentivirus injection
To further characterize the possible mechanisms underlying, we finally examined changes in the expression of other oligodendrocyte transcription Figure 10A-D) .
Meanwhile, the expression of Id2, which is a negative regulator of oligodendrocytes differentiation, was significantly inhibited by Lenti-Olig2 injection, P<.05 ( Figure 10E ). Collectively, these data suggested that Olig2 
| DISCUSSION
In the current study, we demonstrated that local injection of LentiOlig2 significantly increased the number of oligodendrocytes lineage cells and enhanced myelination after SCI in adult rats. More importantly, the induction of Olig2 significantly improved hindlimb locomotor performances. The oligodendrocytes related transcription factors, which were obviously downregulated or upregulated after injury, were reversed by Olig2 induction. Our findings provided the evidence that promoting myelination by overexpression Olig2 might be a therapeutic point, which worth to be consideration for SCI in the future.
Olig2 plays a central role in controlling the development of both motor neurons and oligodendrocytes indicating its strong correlations Another study also showed that deletion of Olig2 in NG2 progenitor cells causes severe reduction in the number of oligodendrocytes, and loss of myelin. 13 Therefore, upregulating Olig2 in NG2 or A2B5-positive progenitors can induce the differentiation of OLs even in adult injured spinal cord. It has been well demonstrated that Olig2 regulates the proliferation of neural stem/progenitor cells. 35, 36 However, the enhanced proliferation by Olig2 may induce potential problems (eg, CNS tumors). 37 Ligon and his colleagues found that Olig2 is universally expressed in diffuse gliomas, which is thought to arise from progenitor/stem cells. 37 And
RNAi of Olig2 decreases the spreading ability of oligodendrogliomas in a platelet-derived growth factor (PDGF) derived human cell line.
38
The alarming results from Hyuk and colleagues, who observed glioma formation after transinfection Olig2 alone in SCI rats, which could be prevented by simultaneous overexpression of Olig1. 15 However, we demyelination can be detected in patient with SCI as well. 4 Our study supplied as another evidence that enhancing remyelination promotes the SCI recovery. Not only the axonal conduction was elevated but also the better hindlimb locomotor capacity was detected.
We and other group have previously reviewed that the development of OLs was under control by several factors. 7, 40, 41 The most potential ones belong to the b-HLH family such as Nkx2.2, Id2, Olig2, and Sox10. Among which, Nkx2.2, Olig1, and Sox10 play as coactivators with Olig2 in promoting during OLs differentiation and maturation, while Id2 plays as the inhibitor in the early stage of OLs differentiation decision. [42] [43] [44] [45] The current study showed that these coactivators including Olig2 were all down regulated after injury and the inhibitor Id2 kept a relative higher level in sham and eGFP control group. However, these expression trends were all reversed by Olig2 virus injection 7 days after injury, which might serve as the underlying molecular mechanism.
In conclusion, our data suggest that the injection of Lenti-Olig2 enhanced functional recovery after spinal cord contusion injury by promoting myelination. This study provided evidence that Olig2 might be a potential target for therapeutic intervention in SCI and other CNS diseases.
